2-Propyl-1H-benzimidazole (2PrBzIm) is a small molecule, commercially available, which displays a curious behavior in the solid state. 2PrBzIm, although devoid of chirality, by fast rotation about a single bond of the propyl group in solution, crystallizes as a conglomerate showing chiroptical properties. An exhaustive analysis of its crystal structure and a wide range of experiments monitored by VCD spectroscopy have eliminated all possibilities of an artifact. What remains is a new example of the unexplained phenomenon of persistent supramolecular chirality.
INTRODUCTION
Azoles (imidazole, pyrazole, both triazoles and tetrazole) and benzazoles (benzimidazole, indazole and benzotriazole) when unsubstituted on the N atom possess one hydrogen-bond donor, the N-H (HBD), and at least one hydrogen-bond acceptor (HBA), the "pyridine-like" N atom. In the presence of other donors and acceptors or solvent molecules (e.g. water, methanol…), predicting the supramolecular chemistry displayed by these molecules may be challenging. In the absence of other donors and acceptors, however, hydrogen bonding (HB) in these compounds involves either catemeric (chain) or cyclic (ring) motifs. In previous studies we have reported the synthesis and determination of crystal structures of 1H-benzimidazoles, 1 , 2 , 3 1H-indazoles, 3, 4 , 5 , 6 , 7 and 1Hbenzotriazoles 3, 8, 9 . The many possible hydrogen bonding networks for these compounds observed in the solid state have been summarized in Scheme 1.
Scheme 1. The different HB networks found in benzazoles crystal structures.
In what refers to the chirality of the benzazoles crystal structures, we noticed that derivatives presenting catemeric motifs can display supramolecular chirality, therefore these compounds crystallize in either racemic crystals or enantiopure crystal structures in the form of conglomerates. It is expected that these conglomerates will have a 50:50 ratio of both enantiomeric crystals unless there is some chiral impurity present in the crystallizations. In this context, we found a very particular behavior in 2-propyl-1H-benzimidazole (2PrBzIm). 2PrBzIm is expected to crystallize as a 50:50 conglomerate (no chiral response) in the absence of chiral impurities, 10 however it is always obtained displaying a chiral response no matter the synthesis or crystallization method employed. In fact, various commercial samples, synthesized samples and recrystallized samples all displayed identical chiral responses despite the fact that no chiral compounds were present in any of the experiments. This unexpected result prompted us to study the structure and the chiral properties of this 2PrBzIm in the gas-phase, solution and in the solid state using a combination of experimental and theoretical techniques including X-ray diffraction, non sensitive (IR and Raman) and sensitive (VCD) to chirality vibrational spectroscopies and various DFT calculations. It was reported by Cuccia et al. that most commercial samples of conglomerate crystals are scalemic, i.e. with enantiomeric excess ranging from 3% to >90%. 11, 12 The same happens for all samples of 2PrBzIm we purchased from Aldrich at different times. The methods we have used to obtain suitable crystals being an essential part of this manuscript are described in section 3.4.
EXPERIMENTAL AND THEORETICAL METHODS

Sample preparation.
Experimental Methods: IR, Raman and VCD.
The IR and VCD spectra of 2PrBzIm in CDCl 3 solution (liquid phase) and fluorolube and nujol mulls (solid phase) were recorded at room temperature using a JASCO FVS-4000 FTIR spectrometer, equipped with MCT (2000-900 cm -1 ) detector. For the preparation of the emulsions, a few milligrams of the different samples of the analyzed crystals of 2PrBzIm were mixed with fluorolube or nujol mineral oils in order to get suitable mulls. Special attention is needed when working with solid samples in circular dichroism spectroscopy. 13, 14, 15 In fact, we have measured the mulls in several positions by rotating the sample around both the beam propagation axes (90º and 180º) and that perpendicular to them (180º) with the purpose to get the true VCD peaks and to be sure on the absence of artifacts in the recorded VCD spectra. 13, 14 The spectra were recorded using a standard cell equipped with BaF 2 and KBr windows, a resolution of 4 cm -1 and 8000 scans in blocks of 2000 scans (2000 scans for each orientation) in the case of mulls spectra and 8 cm -1 of resolution, 2000 scans and path lengths of 100 µm for solution spectra. Concerning the baseline correction, we have substracted the CDCl 3 , nujol or fluorolube signals to the VCD spectra. The IR spectrum of the solid sample obtained without any stirring from 3:1 Cl 2 CH 2 /hexane solvent mixture was recorded in the 2000-150 cm -1 region, with 300-400 scans and 2 cm -1 resolution, using the Bruker Vertex 70 spectrometer available in our laboratory in Jaen. The Pt ATR accessory (single reflection diamond ATR accessory) and the silicon beam-splitter were employed for the Far-IR region.
We also used a Bruker PMA50 optical bench coupled to a Vertex 70 spectrometer, equipped with a MCT detector available at the University of Malaga. The VCD spectrum in fluorolube mull was also recorded using a cell with KBr windows, a resolution of 4 cm -1 and 8000 scans.
Computational Methods.
All calculations were performed using GAUSSIAN09 16 at the M06-2X 17 /6-31G(d,p) 18 level of theory. The asymmetric unit of the 2PrBzIm crystal structure was then optimized with the same models and using periodic boundary conditions in two directions, both corresponding to the two perpendicular hydrogen-bonded chain directions (along a and b). For this, two translation vectors were defined along a and b (x and y) equivalent to the experimental unit cell parameters a/b. Following the PBC optimization, the optimized PBC-geometries were used to derive dimer, tetramer and octamer models. These models were then used as input for frequency calculations from which calculated IR and VCR spectra were derived. Calculated frequencies were scaled by 0.947 in the case of the mid region and 0.966 for the far one. 19 For the monomer calculations in the gas-phase, the rotatable bonds on the propyl chain were constraint to the experimental torsion values they have in the crystal structure and all other parameters were allowed to optimize. Various DFT models were used for the optimization of the two conformers including: M062X/6-31G(d,p), M062X/aug-cc-pVTZ and M062X/aug-cc-pVTZ in the presence of an SMD solvation model for benzene and water.
RESULTS AND DISCUSSION
Molecular and crystal structure of 2PrBzIm
2PrBzIm in the planar form is an achiral molecule that may adopt two configurations ( Figure 1 ): syn [with the N(1)H proton on the same side of the propyl chain] and anti [with the N(1)H proton on the opposite side of the propyl chain, i.e. close to N3]. These configurations (syn and anti) can interconvert either via rotation about the C1-C2 bond or by a proton transfer through a tautomerization reaction, from N1 to N3 (Figure 1 ).
The relative stability of these configurations was computed using a DFT model (M062X/aug-cc-pVTZ) in three different media: i) in the gas-phase, ii) in benzene and iii) in water ( Table 1 ). The anti configuration has lower energy in the gas-phase and in benzene but it is almost isoenergetic to the syn configuration in water. From 104 crystal structures of benzimidazoles in the Cambridge Structure Database, 20 it was found that 58% of them exhibit anti configurations versus a 42% of syn configurations. Both configurations are, therefore, equally accessible in the solid state and of very similar stability. 2PrBzIm has conformational chirality in the crystal without having any stereogenic center and the molecules of 2PrBzIm exhibit syn configurations with deviations from planarity via rotation through the C1-C2 bond of about 45°. This kind of chirality is called "planar chirality" and uses as CIP stereodescriptors R p and S p , 21 but it is usually reserved for enantiomers that can be separated, i.e. having high barriers of enantiomerization (for the first examples of planar chiral organic benzimidazoles related to [2.2] paracyclophanes see reference 22) . In solution, due to the low rotational barriers about the C1-C2 single bond, our model compound is expected to be oscillating about the planar configurations.
The crystal structure of 2PrBzIm is orthorhombic P2 1 2 1 2 1 , Z = 16, Z '= 4, with a pseudotetragonal cell (CSD refcode OHUZUO). The four independent molecules interact through N(1)-
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H···N3' hydrogen bonds forming two independent and perpendicular (90º rotated) hydrogen bonded chains ( Figure 2 ). Figure 3 ). Note that the polarity of the chains could be inverted if the protons jump towards the acceptor N3 atoms. remember that the complete crystal is non polar. The local pseudo-symmetries of second kind operate intermolecularly relating pairs of molecules with opposite chirality giving rise to achiral molecular chains. These pseudo-symmetries, combined with the screw axis of the space group, generate polar achiral structural units built up with double-layers of chains. These units are three-dimensional objects with the same twodimensional periodicity (a,b) of the crystal, and exhibit symmetry properties that could be approximated by the layer group pb2 1 a. Consecutive slabs stacked along c are related by another local pseudo-symmetry 4 1 building up the crystal as a sequence of layer with the same symmetry but in alternated orientation pb2 1 a and p2 1 ab respectively (the same symmetry but 90º rotated around the c direction). We have noticed that the symmetry operation stacking slabs does not belong to the space group of the crystal, neither the (100) and (010)-glide planes relating adjacent molecules in the chains.
As a way of simplifying the crystallographic problem, we can analyze the pseudo-symmetry of the P2 1 2 1 2 1 crystal structure of 2PrBzIm as two interpenetrated sub-structures ( Figure 5 ). Each substructure is composed of pb2 1 a and p2 1 ab units combined with the remaining 2 1 axis of the space group. By imposing a higher symmetry to these substructures, space groups Pcab and Pbca can be imposed with maximal deviations of 0.131 Å and 0.123 Å respectively. The space groups of the sub-structures are the same but with different settings and origins (SI). The complete structure projected in Figure 4 corresponds to the superposition of the left and right sub-structures of Figure  5 , whose space group symmetry is P2 1 2 1 2 1 -the intersection of the space groups Pcab and Pbca. Note that a rotation of 180º around the c-direction, applied to any of the sub-structures prior to the superimposition, results in the same structure but described in a different way. Sub-structure Pbca and Pcab can be combined in three non-trivial different ways. First by superimposition of models shown in Figure 5 , resulting in the structure of Figure 4 and the pattern of coordinates given in the published cif-file (CSD refcode OHUZUO); this structure will be referred as structure of reference (A). Two other ways consist in applying a rotation {C2z| ½,0,0} (Seitz notation) on one or in the other sub-structure, and then apply the superposition on the other, obtaining different sets of coordinates named models B and C. It can be observed that these new structural models correspond to different descriptions of the same structure. This can be easily proved using the crystallographic tool COMPUSTRU provided by the Bilbao Crystallographic Center 23 (details of the results are given in the SI). The transformations between the models A-B and A-C do not preserve the chirality and differ in an origin shift (0,0,1/2). When they are applied to the structure of reference A, another equivalent set of coordinates are obtained. Actually, the transformation corresponds to one of the symmetry operations of the Euclidean normalizer P4 2 /mmc of the P2 1 2 1 2 1 space group in the case of special metric a = b ≠ c. 24 Another generator (1/4-y, 1/4-x, 1/4-z) would give rise to an equivalent set of coordinates preserving the chirality of the structure.
The local symmetries in the crystal can be considered as partial operations in the sense used for the description of order-disorder structures of equivalent layers. A quantitative study of the deviation from pseudo-symmetry in 2PrBzIm has been undertaken refining several structural models where the four independent molecules are symmetry restricted by these local operations. Three models were tested. The first one (I) constraining the two independent molecules along the chains by a transformation approximated to glide planes {σ x |1/2,1/2,0} and {σ y |1/2,0,0} respectively, that is, two independent molecules in the crystal, one for each chain. Another model (II) with consecutive double layers of chains (slabs) related by a transformation approximated to a pseudo 4 1 -screw axis, that is, two independent molecules in the unique independent slab. The third model (III) includes both pseudo-operations acting on one independent molecule. All the refinement performed with the JANA-2006 25 program where based on the same X-ray diffraction data reported in reference 3. The rotations and translations of the local operations relating rigid-body molecules were allowed to relax from the ideal values of the local symmetries. The resulting molecular parameters giving the orientation of the second molecule generated from the independent one by the pseudo-symmetry operations are summarized in Table 2 . It can be seen in Table 2 that the local operations significantly deviate from crystallographic mirror glide-plane (improper rotation close to 180º) and fourfold rotation, with translations located in positions shifted from rational values 1/4 and 1/2 as correspond to crystallographic glide planes and fourfold screw axis operations. The R-factors agreement reached in the refinements is close to the value R = 3.4 obtained in the refinement with four independent molecules, and confirms the high pseudo-symmetry exhibited by the molecular arrangement in this crystal.
Additionally, the comparison between the conformations of the four independent molecules can be done using the Mercury program. 26 Consecutive molecules in the chains are nearly superimposed (without flexibility) with displacements within 0.1006 Å and 0.0456 Å rmsd, that is, conformations of the enantiomers are essentially indistinguishable.
The results described above lead to classify the structure of 2PrBzIm as a kryptoracemate, a chiral crystal structure formed from a racemate. The crystal structure is described in an Schonke space group and contains an equimolar mix of enantiomeric molecules. The molecules in the asymmetric unit (Z´ = 4) are distributed into two pairs of enantiomers; each one with enantiomers related by a transformation that approximates a glide-plan. It has been pointed out, 27,28 that classification of a crystal structure as kryptoracemate may be wrong because a misunderstanding in the symmetry, and such warning has been taken very seriously. Although the results of the structural refinement (R-factor, anisotropic thermal displacements, correlations, etc.) do not point to any anomaly it is true that, in the present case, the pseudo-symmetries can play tricks. First, the crystals are twinned; in the reported structure a crystal with two pseudo-merohedral twin fragments related by a four-fold axis was measured. On the other hand, the determination of the absolute structure results ambiguous. However, the exhaustive analysis of the hidden pseudo-symmetries developed above may be enough to clear any doubts to skeptics. Moreover, the chiral character of the crystal has been sufficiently proved by means of VCD experiments demonstrating in any case the absence of inversion center in the structure.
On the origin of the chirality.
In the previous section, we have described the crystal structure of 2PzBzIm as being built up from achiral supramolecular elements (chains) arranged in two sub-structures with symmetries close to centrosymmetric space groups (Pcab and Pbca). Where can we find then the origin of the chirality? Only the helical arrangement of the polar chains has all the features to display chirality. The N-H bonds confer a polar character to the molecular chains with spatial disposition related to a 4 1helicoidal axis. We note that clockwise (P) and counter-clockwise (M) helicoidal arrangements can be interconverted by an inversion center, but also by inverting the polarity of one of the two independent chains through a proton transfer.
The chirality hypothesis presented above has been checked against theoretical calculations of the IR and VCD spectra that could be compared with the experimental ones in the solid state (powder, nujol or fluorolube mulls). For this, we built four different molecular models as depicted in Figure 6 . Model-1 is just a monomer, Model-4 a tetramer of the hydrogen-bonded chain, Model-2x2 two dimers of two perpendicular chains and Model-4x2x2 one chain tetramer and two chain dimers oriented in perpendicular direction to the tetramer (Figure 3 ). Geometry optimizations, followed by IR and VCD calculations, of the models in Figure 6 were performed as described in the methods section. Whilst Model-1 was simply optimized in the gas-phase, Model-4 was optimized using periodic boundary conditions (PBC) in one direction and Models 2x2x2 and 4x2x2 were optimized using PBC in two directions. Because of the possibility of tautomerization, all models were re-optimized and spectra recalculated after migrating the proton on N1 to N3 (Figure 1 ). Since the results obtained for models with the hydrogen atom on N1 were in better agreement with the experimental observations and the X-ray single crystal structure also confirmed the position of the proton on the N1 nitrogen (configuration syn), only the results for the main tautomer are given here. Figure 6 . Molecular models used for the calculations of IR and VCD spectra.
In Figure 7 , we compare experimental and computationally generated IR and VCD spectra. For the IR spectra, all models reproduced the experimental spectra fairly well except for the single monomer model (Model-1). At the far-IR end, where intermolecular interactions may partly influence the lower modes, we observe the best agreement with the most sophisticated Model 4x2x2 (see Figure 8 ). The predicted VCD spectra were more sensitive to the theoretical model employed.
Here, the monomer and the single chain models (Models 1 and 4) performed quite poorly. Only when the stack of two chains is included in the model, it starts to be a better correspondence between the experimental and the theoretical VCD spectra (Figure 7 and 3.3. section) .
The crystallization of achiral molecules in chiral crystals is not uncommon. Dryzun and Avnir 29 report that 32% of crystals in the Cambridge Structural Database 20 are chiral crystals. Of those, 57% consist of molecules that are achiral but adopt homochiral "frozen" conformers when crystallized. 29 By far, the most common cases of achiral molecules crystallizing in chiral crystals involve chiral conformations. 2PrBzIm could indeed adopt chiral conformations through rotation of bonds about the propyl chain. As explained above, the conformations of 2PrBzIm deviate from planarity by ~ +45° as well as -45° (due to local pseudo-symmetries) therefore both chiral conformers are present in the crystal in equal amounts which should result in no chiral response due to conformation. The origin of the chirality does not lie on the conformation, nor on the hydrogen-bonded chain, which runs parallel to a chiral 2 1 axis.
Model-1
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The origin of the chirality in this structure relates to the packing of the hydrogen-bonded chains as it is schematically represented in Figure 9 . A double layer of hydrogen-bonded chains pointing to the right can pack over perpendicular chains pointing into the plane or out of the plane. This subtle difference in the packing differentiates the enantiomeric crystals. Understandably, then, it is not surprising that the predicted VCD spectra starts resembling the experimental one more significantly only when the packing of the chains is included in the models. 
Spectroscopic analysis using non-sensitive (IR, Raman) and sensitive (VCD) to chirality vibrational techniques
In Figure 8 , a comparison of the theoretical and experimental FarIR spectra is shown. In this region, bands associated with normal modes with contributions from wagging, rocking and torsion modes are present. As above-mentioned, the Model-4x2x2 shows the best agreement with the experimental FarIR spectra, especially in the region below 350 cm -1 . Examples of these bands can be those observed at 306 cm -1 , which are assigned to CH 3 torsion and CH 3 -CH 2 -CH 2 -bending normal modes, or the bands appearing at 287, 279 and 273 cm -1 , associated with CH 3 torsion and butterfly motions. A last example could be the band at 195 cm -1 , corresponding to imidazole and benzene rings breathing normal modes. In the literature, examples about how the assignments were made in similar situations can be found. 30, 31 In Figure 7 , a good agreement between the experimental and theoretical IR and VCD spectra of 2PrBzIm in nujol and fluorolube mulls is observed. The best theoretical models that match the experimental IR spectra are Model-2x2 and Model-4x2x2 and, in the case of the VCD spectra, the latter (as for FaIR spectra). If we focus our attention on the VCD spectra, there are a few key experimental bands that confirm the presence of a chiral structure and they are well reproduced from Model-4x2x2. Examples can be the (-) bands that appear in IR and VCD at 1621, 1540, 1479, 1469, 1450, 1436 and 1420 cm -1 . The first band (1621 cm -1 ) is assigned to C=C str. and the second (1540 cm -1 ), third (1479 cm -1 ) and fourth (1469 cm -1 ) to C-N-H bending normal modes, with the additional contribution in the third and fourth bands of ring deformations. The fifth (1450 cm -1 ), the sixth (1436 cm -1 ) and the seventh (1420 cm -1 ) bands are associated with asymmetric CH 3 bending and CH 2 scissoring normal modes (see Table 2S ESI).
The invariance of the chirality.
VCD spectra of crystalline powders of commercial 2PrBzIm sample were recorded in CDCl 3 solution and in fluorolube or nujol mulls (see Figure 10 ). Additionally, a selected summary of recorded VCD and IR spectra of samples of different recrystallizations origin is given in Figure 10 (SI for a complete dataset). The absent VCD spectrum of 2PrBzIm in solution (Figure 10 , dark cyan) confirms the lack of chirality in 2PrBzIm monomers or the rapid equilibrium between short chains (dimers, trimers).
All VCD spectra recorded for solid samples (mulls), however, displayed a consistent profile ( Figure 10 ). Our first recorded VCD spectrum in solid phase was that of a commercial 2PrBzIm sample without carrying out any recrystallization. The next VCD spectrum was recorded for a commercial sample recrystallized from a 3:1 Cl 2 CH 2 /hexane solvent mixture. These two VCD spectra showed the same chiroptical features. To understand whether or not the sample preparation had an effect on the enantiomeric purity (or excess) of the crystalline powders, we proceeded to repeat our second experiment four times through independent recrystallizations resulting always in the same VCD spectra. In addition, we recrystallized our purchased material from a variety of solvents (CHCl 3 , Cl 2 CH 2 /hexane and acetone/water) and also recrystallized it from CHCl 3 using clockwise and anticlockwise stirring ( Figure 10 ). We prepared samples by sublimation and we also obtained it through 2PrBzIm hydrochloride by treating 2PrBzIm·HCl with different bases. All samples gave identical VCD spectra, confirming either homochirality or identical crystal enantiomeric excess in all crystalline materials independently of the preparation method.
To rule out possible artifacts coming from the VCD spectrometer optics available in the University of Jaen (Jasco FVS-4000 FT-IR spectrometer), we recorded the VCD spectra of some 2PrBzIm crystals using the FT-IR Bruker Vertex 70 spectrometer (with a PMA 50 module for VCD recordings) accessible at the University of Malaga (as mentioned in 2.2 section), resulting in the same chiroptical features than those previously obtained in our laboratory (see Figure 2S ESI).
Finally, another procedure was tested to get the opposite enantiomeric form (or the opposite enantiomeric excess, e.e.) of that observed for all the measured samples. It consisted in dissolving 2PrBzIm in acetone and removing the solvent using a magnetic stirrer and a N 2 flow. 31 This methodology was successfully used by us in the case of two perfluorinated 1H-indazole derivatives of ref. 31 . In the case of 3-(perfluoroethyl)-4,5,6,7-tetrafluoro-1H-indazole (YODJIM) and 3-(perfluoropropyl)-4,5,6,7-tetrafluoro-1Hindazole (YODJOS), the opposite enantiomeric helices were obtained for both compounds by using the aforementioned procedure. 31 However, this was not successful for 2PrBzIm, whose recorded VCD spectra were again the same than those obtained with all the methods previously described. 
CONCLUSIONS
The structure and chirality of 2PrBzIm in the solid state were studied in depth by a combination of X-ray crystallography, non sensitive (IR and Raman) and sensitive (VCD) chirality vibrational spectroscopies, and quantum chemical calculations.
We have discovered several new properties of the crystal structure of 2PrBzIm; besides we have carried out many experiments trying to find the other enantiomer, some of them as rigorous as regenerating it from its salt, but with no success. We think it is important to report these findings even if they are contrary to the second principle of thermodynamics; 32 obviously a hidden source of optical activity, such as cryptochiral environment, 33 is present that we have not been able to identify. Note that, because our VCD experiments were carried out on powders, the Poeppelmeier discovery that single crystals of certain racemates show optical activity is not relevant for the present work. 34, 35 Whilst we have been able to rationalize the rare and subtle chirality arising from the crystal packing in this system, it remains a mystery why we always observe the same chiral response in this material. Despite both enantiomeric crystals being energetically identical and despite the subtle nature of the chiral origin, remarkably, we have obtained the same conglomerate independently of the origin of the sample and the crystallization method. Only a few authors have reported similar observations; 36, 37, 38, 39, 40 we hope that further reports of this kind may eventually lead to a scientific explanation for this enantiomeric selectivity. We suspect that the answers to these observations must lie in the nucleation 41 and growth mechanisms of the corresponding crystals; unfortunately, such an assertion is not possible in the light of our present knowledge of the subject. The production of enantiomerically enriched products from achiral precursors without the intervention of chiral chemical reagents or catalysts is known as "Absolute Asymmetric Synthesis". 42 Finally, note that 2PrBzIm which is a simple compound, commercially available, stable, safe and easy to handle, constitutes an excellent model compound for further studies.
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